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We applied soft X-ray absorption spectroscopy to study the Ti L-edge in ferroelectric 
capacitors using a modified total electron yield method. The inner photo currents and 
the X-ray absorption spectra were polarization state dependent. The results are 
explained on the basis of photo electric effects and the inner potential in the 
ferroelectric capacitors as a result of back-to-back Schottky barriers superimposed by 
the potential due to the depolarization field. In general, the presented method offers the 
opportunity to investigate the electronic structure of buried metal-insulator and metal-
semiconductor interfaces in thin film devices. 
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Interface characteristics are of crucial importance in novel electronic devices. Field 
effect transistors, tunnel junctions and laser diodes are only a few examples of a hardly 
manageable number of electronic devices in which interfaces are essential.[1] Electronic 
devices realize their full potential when an external electric field is applied. The 
application of an electric field to devices, being simultaneously subject to photon 
irradiation, is an interesting approach to study a rather broad spectrum of fundamental 
issues and practical device oriented questions. By using ultraviolet (UV) light, internal 
photo current measurements were successfully applied to metal-oxide-semiconductor 
(MOS) structures under bias. This allowed the evaluation of the energetic and spatial 
distribution of trapped charges in the oxide and the effective barrier height for 
example.[2-5] Recently this technique was extended to MOS capacitors under low bias 
fields and to high-k dielectrics. [6,7] Kobayashi and coworkers investigated Pt/oxide/p-
InP (100) MIS Schottky diodes under an external applied bias potential whilst 
simultaneously taking x-ray photoelectron spectra (XPS).[8] M. Ishii et al. developed a 
capacitance X-ray absorption fine structure (XAFS) method to analyze site selective 
electron trapping centers in Cu2O and GaO.[9] Hard x-ray diffraction has been applied to 
evaluate the structural changes in piezoelectric and ferroelectric materials under an 
electric bias field, with charge-density variations due to the applied electric field being 
detected.[10]  Recently such studies have focused on the microscopic definition of 
polarization.[11] Janousch et al. employed X-ray near edge spectroscopy (XANES) to 
investigate the local environment of Cr in resistive switching elements using finger 
electrodes.[12] The mechanism of field-effect doping in cuprate superconductors was 
studied using soft X-ray absorption spectroscopy and an applied gate voltage.[13]  
Motivated by the fact, that soft X-ray absorption spectroscopy (SXAS) is a unique tool 
to study the electronic structure in metals, semiconductors and insulators, we applied 
this technique to investigate the buried ferroelectric-electrode interface of ferroelectric 
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capacitors.[14-16] SXAS measures the transition probabilities between a core level and 
the unoccupied electronic states of a material at an atomic site.[17,18] The total 
fluorescence yield (TFY) monitors bulk properties due to the large photon attenuation 
length (100 nm –200 nm), while the short mean free path of photoelectrons (< 3 nm) 
coming from the sample surface makes the total electron yield (TEY) a surface sensitive 
technique.[17,19-21] 
 The Pt/PbZr0.3Ti0.7O3 (PZT)/Pt ferroelectric capacitors were deposited on 
platinized Si/SiO2 substrates, which results in a whole layer stack (from substrate to top 
electrode) of Si(600µm)/SiO2(450nm)/Ti(15nm)/Pt(150nm)/PZT(180nm)/Pt(50nm). 
Chemical solution deposition was utilized to grow the PZT film[22] and the capacitor 
areas were 3.425 mm2. Fig. 1 (a) shows a ferroelectric hysteresis loop of such a device 
after an annealing at 700°C for 3 min in oxygen. For the as fabricated capacitors (black 
curve) the coercive fields +/- E c were determined to be +/-110 kV/cm (Vc = +/-2V). The 
remnant states were +/-Pr = 30 µC/cm2, which compares well with the literature (black 
loop 1 in Fig. 1(a).[22] Such ferroelectric capacitors were placed in the undulator beam 
line 8.0 at the Advanced Light Source of the Lawrence Berkeley Laboratory.[23] About 
80% of the capacitor area was illuminated by the synchrotron beam. The top Pt layer 
acts as a semi-transparent electrode for the soft X-rays. For the SXAS experiments the 
two leads of a capacitor were connected to an external circuit, which is sketched in Fig. 
1 (b). The two ammeters connected to ground allowed the study of the current 
distribution under soft X-ray radiation, whilst a typical TEY standard set-up uses only 
the bottom ammeter to study the surface properties of the bare surface without a top 
electrode.[17] During the entire experiment the capacitor was under short circuit 
boundary conditions. The capacitor was initially biased with a voltage pulse for  
1 sec, either of +4 V or –4 V, between the top electrode and the bottom electrode  
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(+4 V means positive 4 V poling on the top electrode and vice versa for a –4V pulse 
setting) to obtain a mono domain state. While tuning the energy of incoming soft X-rays 
between 450 eV and 480 eV, the current in the top (Itop) and in the bottom (Ibot) leads 
were simultaneously acquired by the ammeters. We observed four prominent peaks (see 
spectrum Ibot (–Pr ) in Fig. 2) which are related to the crystal field splitting of Ti 4+ in an 
octahedral symmetry. The first two peaks (at 458 eV and 460 eV) belong to the 2p3/2 (t2g 
and eg) (L3 edge) and the third and fourth peak (464.35 eV and 466.7 eV) belong to the 
2p1/2 (t2g and eg) (L2 edge) transitions.[24,25] 
 The spectra shown in Fig. 2 (a), exhibit a number of interesting features. We 
observed four different base line currents (a base line current is defined at the photon 
energy of 450 eV). Obviously, these currents (Itop and Ibot) depend on the polarization 
state (+Pr and -Pr). The current Ibot (Fig. 2(a) showed the sign of a standard TEY set-up, 
i.e. the SXAS exhibited peaks, independent on the ferroelectric capacitors polarization 
state, whereas the Ti L3.2 edge absorption signal Itop exhibited dips for the +Pr and the -Pr 
polarization state (curves labeled by Itop (+/-Pr), Ibot (+/-Pr) in Fig. 2 (a)). Moreover ΔItop 
(we used the current of the t2g Ti L3 edge at 458 eV) in the +Pr state was roughly a 
factor 2 smaller than ΔItop in the  –Pr state. In addition, the spectra in the –Pr state trace 
the well known peak sequence of the Ti L edge in PZT, [26, 27] while the spectra in the 
+Pr state exhibited a broadening of the Ti L3 eg peak and a line splitting of the Ti L2 eg 
peak at ~ 466 eV.  
A possible scenario could be the following: Photo electrons were excited by the 
soft X-rays at the Pt (50 nm thick) top electrode surface. The electrons have sufficient 
kinetic energy to leave the top Pt film into vacuum (external photo electric effect) and 
therefore the capacitor (the top Pt electrode) is positively charged (see Fig. 1 (b), 
process 1). Consequently, a neutralization current Ineut from ground to the capacitor is 
generated for compensation (see Fig. 1(b)). Ineut splits into contributions to Itop  and Ibot. 
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For the +Pr state for example, Itop  = 19.8 nA (@450 eV), Ibot = 1.1 nA (@450 nA) and 
Ineut = Itop+ Ibot = 20.9 nA. For the –Pr state these currents at 450 eV are Itop  = 12 nA and 
Ibot = 8.9 nA  and therefore Ineut = 20.9 nA. In the energy range between 400 eV and 600 
eV no core level excitations of Pt exist. This results in a constant Ineut in this photon 
energy range. The average current Iave = (Itop  + Ibot)/2 is about 10 nA for each 
polarization state (see Fig. 2 (a)).  Further contributions to Itop and Ibot originate from 
photo carriers excited at the Ti L-edge thresholds between 450 and 480 eV (internal 
photo effect) in the PZT. Two major internal photo carrier effects might be relevant. 
First, the photon excitation energy is more than two orders of magnitude larger than the 
band gap of the ferroelectric PZT, which is of about 3.4 eV.[16] Therefore electron-hole 
pairs were generated in the PZT (see Fig. 1 (b), process 2). Second, in case the photon 
energy reached the Ti L2,3-edges, additional electron carriers are generated due to core 
level excitation processes. In contrast to the first internal photo effect, the core holes are 
strongly localized at atomic sites and therefore cannot move under an electric field (see 
Fig. 1 (b), process 3). In light of the 3 photo excitation processes, we can qualitatively 
explain the results shown in Fig. 2 (a), if we take into account the inner potential 
distribution (for +Pr and –Pr) and the inhomogeneous photon flux inside the PZT.  In 
Fig. 2 (b) the charge distribution is schematically shown for the +Pr state. The 
conduction and valence energy bands for +Pr (red curves) and –Pr (blue curves) are 
sketched in Fig. 2 (c) for short circuit boundary conditions. Here we assume a (slight) p-
type character of the PZT bulk with the tendency to an n-type semiconductor at both 
interfaces (see black lines for Ev (x) and Ec (x) for a hypothetical, paraelectric state of 
the PZT). For simplification, the band diagrams are pinned at both interfaces (e.g. due 
to defects). We are aware of the fact, that the band diagram of the Pt/PZT interface is 
still under debate and the exact band diagrams may differ correspondingly.[16]  The 
bands of our back-to-back Pt/PZT/Pt Schottky barrier device are superimposed on the 
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potential which originates from the depolarization field (inside the ferroelectric).[32] The 
later is a consequence of the non-perfect screening (not shown here) of the ferroelectric 
bound charge at the metal-insulator interfaces of a ferroelectric capacitor.[28]  Therefore 
we expect a photo current Iphoto (from the internal photo effect) in the external circuit 
with an opposite sign which reduces Ibot and adds to Itop. This current has no influence 
on the neutralization current Ineut = Ibot – Iphoto + Itop+Iphoto. Please note that Ineut is 
constant, while it’s splitting into Itop and Ibot depend on the number of internal photo 
carriers generated in the PZT. Switching the capacitor from the +Pr state to the –Pr state, 
the potential due to the depolarization field is reversed (see Fig. 2 (c)). It is likely that 
the inner potential distribution has a strong influence on the photo carrier transport 
current, which would explain the distinguish base line currents for the +Pr and –Pr state.  
Another important factor is the exponential decay of the photon flux within the 
ferroelectric. In Fig. 2 (d) the photon flux attenuation described by the law of Lambert-
Beer is schematically shown for two photon energies. At the upper Pt/PZT interface the 
flux is the same but the attenuation coefficients depend on the photon energy. Two 
curves, at 450 eV (pre-edge region) and at 458 eV (at the TiL3 t2g edge) are qualitatively 
compared. Overall the photo current of the irradiated ferroelectric capacitor is 
determined by the band diagram of metal-insulator-metal, back-to back Schottky photo 
diodes [29-31] with the additional degree of freedom from the switchable polarization 
weighted by the photon flux decay inside the PZT. The sensitivity of photo currents on 
the polarization state was observed by I. Boerasu et al. using UV light at 340 nm.[32] We 
like to point out that the use of soft X-rays delivers simultaneously interesting additional 
information of the electronic interface structure.  
To clarify the different form of the SXAS signal at the Ti L3,2 edge for the +Pr 
and –Pr state, we compared both signals in Fig. 3 (taken the data Ibot (+/-Pr)). The signal 
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of the +Pr state (of the Ti L3 edge, t2g peak) from of Itop(+Pr) was enhanced to achieve 
the same amplitude as the Ti L3 t2g peak of the –Pr state. The considerable deviation 
found at the L2 eg peaks (double peak structure in the –Pr state, red curve) indicate a 
rather different local environment of Ti atoms at the top PZT/Pt interface in dependency 
of the polarization state. We observed a crystal field splitting ΔCF of about 2 eV as 
indicated in Fig. 3. A closer look to the crystal field splitting in the Pr and –Pr states 
showed a clear difference in the crystal field splitting if between both polarization 
states. In the inset in Fig. 3 the Itop (+/-Pr) are compared and we found a difference Δ*CF 
= 0.29 eV. It is unlikely that changes in the Ti crystal field are due to ferroelectric 
switching process alone. The extremely small structural changes between the –Pr and 
+Pr states might not be relevant for such drastic changes in the observed Ti absorption 
signals. We suggest here another scenario. The different spectra shown in Fig. 3 became 
more significant throughout the experiment and might be related to the high photon flux 
of the synchrotron radiation. Indeed in TiO2 photo catalytic effects are known to be 
relevant.[33] In our case the strong depolarization field inside the capacitors may lead to 
a considerable diffusion of oxygen under the electric field and the irradiation. We 
unintentionally crossed the border from a non-destructive to a (partly) destructive 
experiment. This idea is supported by the fact that after the 10 hours of beam line 
experiments the PZT was still ferroelectric but a rather drastic change of the P vs. E 
hysteresis loop occurred (see red loop Fig. 1 (a)). This effect was even more 
pronounced after experiments at the oxygen K-edge (see blue loop in Fig. 1(a)). On the 
other hand, the asymmetry in the P vs. V loop (blue curve in Fig. 1(b) and a possible 
relation to the absorption signal raised an interesting speculation. Is it possible that the 
absorption signals Itop (+Pr) and Itop (-Pr), as shown in Fig. 3, reflect the different 
electronic structure of the bottom and top PZT/Pt interfaces? Indeed, the leakage 
behavior of the ferroelectric capacitor (blue curve in Fig. 1(b)) for the positive and 
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negative bias, indicate a different electronic structure between the top and bottom 
interface. From this perspective it is reasonable to assume that the absorption signals 
probe either the electronic structure of the top or bottom interface in dependency on the 
polarization state. The strongly distorted signal in the +Pr state means that this signal 
might be related to the top interface. First because the photon flux is much larger (Fig. 2 
(d)) at the top interface and so photo catalytic effects are more likely than at the bottom 
interface and because the leakage behavior is worse for the positive bias which could be 
related to a disturbed Ti environment (for example oxygen deficiency). Nonetheless, 
because the exact inner potential distribution in the PZT is unknown, we cannot role out 
that the spectra reflect to some extend the difference of the photo current between both 
interfaces but leaved a net photo current from the bottom to the top electrode. Further 
experiments are necessary and the additional application of small bias field might be 
helpful to clarify this issue.  
To further support the distinguish role of the depolarization field, we 
investigated non-ferroelectric Pt/SrTiO3/Pt capacitors. Beside the dielectric material all 
other parameters (thicknesses, deposition method etc.) were the same as for the 
Pt/PZT/Pt capacitor. Indeed we could not find any indication of ferroelectricity in the P 
vs. V loop. The P vs. V loop reflected the properties of a linear, highly isolating 
dielectric. In Fig. 4 the soft X-ray absorption signals are shown for a +4 V and –4V 
setting. In contrast to the absorption signals of the ferroelectric capacitor shown in Fig. 
2(a), Ibot (-Pr) and Itop(+Pr) we observed a much less strong shift of the TEY in the 
Pt/SrTiO3/Pt capacitor.  The photo currents (Ibot and Itop) were independent whether the 
Pt/SrTiO3/Pt capacitor was initially poled by +4V or –4V. This result clearly shows that 
no depolarization field exists in the non-polar SrTiO3 dielectric. The inset in Fig. 4 
shows a linear P vs. V dependency as expected for the linear (non-polar) dielectric 
SrTiO3. In addition the SrTiO3 experiment gives further evidence that indeed the 
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depolarization field in PZT has a considerable effect on the inner potential distribution 
of Pt/PZT/Pt capacitors and originates the four distinguish base line currents shown in 
Fig. 2 (a).  
Finally we discuss the probe depth of our experiment. It is known from TEY 
investigations of the bare surface of insulators that the probe depth is approximately 5 
nm at photon energies of several hundered eV. This is a factor ≈ 2 larger than the probe 
depth of photoelectrons at pure metal surfaces. This fact reflects the larger cross-section 
of electrons in metals than in insulators.[17] There is no obvious reason that the probe 
depth at metal/insulator interfaces is different. Thereofore we assume that we probe the 
electronic structure up to 5 nm adjacent to the Pt/PZT interfaces if the absorption signal  
at the Ti L-edge of the insulator is measured. Consequently, the method offers an 
interesting approach to study the electronic structure of the top and bottom dead 
interfacial layers while the device is fully functioning.  
In conclusion we presented a modified total electron yield set-up to study the current 
distribution in ferroelectric and dielectric capacitors under soft X-ray synchrotron 
irradiation.  We observed a clear difference in the photo currents between ferroelectric  
Pt/PbZr0.3Ti0.7O3/Pt and dielectric Pt/SrTiO3/Pt capacitors. Our findings are explained 
on the basis of the external and internal photoelectric effect, the depolarization field and 
the Schottky barriers at the top and bottom interface of the capacitors. In addition it 
turned out, that care is needed with this approach to ensure the experiment to remain 
non-destructive. This experimental study demonstrated SXAS to be a potential probe 
for studying the interfacial electronic structure of planar devices under soft X-ray 
irradiation. 
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Figure Captions: 
Fig. 1. (a) Hysteresis loops of a ferroelectric capacitor, for the as fabricated sample 
(solid black line), after 10 hours of irradiation at the Ti edge (red line) and after 
additional 2 hours at the O K-edge (blue line). (b) Schematic of the modified total 
electron yield set-up using two ammeters, one in the top and another in the bottom 
wiring line. Essential photo electric effects are labeled by 1- 3 (b).  
Fig. 2. (a) Four soft x-ray absorption spectra Ibot and Itop observed for the +Pr and –Pr 
states for a Pt/PZT/Pt ferroelectric capacitor. The four base line currents at 450 eV are  
labeled by       -       . (b) Charge distributions in the capacitor for the +Pr state. (c) 
Energy diagrams (Ev valance band, Ec conduction band) for the PZT in the paraelectric 
state (black) and the +Pr (red) and –Pr (blue) polarization states. (c) Attenuation of the 
photon flux inside the PZT for two photon energies. 
Fig. 3. Comparison of the SXAS in the +Pr (black) and –Pr state (red) detected by the 
bottom Ammeter. The signal of the – Pr state was adjusted to the amplitude of the +Pr 
state for the L3 Ti eg state (peak at 458 eV). The inset shows a similar comparison for 
the top ammeter, which exhibited a difference in the Ti-crystal field at the L3 edge. 
Fig. 4 Four soft x-ray absorption spectra Ibot and Itop observed for a +4 V and –4 V 
settings of a Pt/SrTiO3/Pt dielectric capacitor. The bias voltage V was 0 Volt. Please 
note that the data acquisition system did not allow detecting both current polarities. 
Therefore parts of the lower to spectra were cut. This experimental restriction has no 
influence on the presented interpretation.  The inset shows the polarization and 
displacement current vs. the applied bias voltage for the capacitor.  
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